Peroxisomes are dynamic organelles crucial for a variety of metabolic processes during the development of eukaryotic organisms, and are functionally linked to other subcellular organelles, such as mitochondria and chloroplasts. Peroxisomal matrix proteins are imported by peroxins (PEX proteins), yet the modulation of peroxin functions is poorly understood. We previously reported that, besides its known function in chloroplast protein import, the Arabidopsis E3 ubiquitin ligase SP1 (suppressor of ppi1 locus1) also targets to peroxisomes and mitochondria, and promotes the destabilization of the peroxisomal receptor-cargo docking complex components PEX13 and PEX14. Here we present evidence that in Arabidopsis, SP1's closest homolog SP1-like 1 (SPL1) plays an opposite role to SP1 in peroxisomes. In contrast to sp1, loss-of-function of SPL1 led to reduced peroxisomal b-oxidation activity, and enhanced the physiological and growth defects of pex14 and pex13 mutants. Transient co-expression of SPL1 and SP1 promoted each other's destabilization. SPL1 reduced the ability of SP1 to induce PEX13 turnover, and it is the N-terminus of SP1 and SPL1 that determines whether the protein is able to promote PEX13 turnover. Finally, SPL1 showed prevalent targeting to mitochondria, but rather weak and partial localization to peroxisomes. Our data suggest that these two members of the same E3 protein family utilize distinct mechanisms to modulate peroxisome biogenesis, where SPL1 reduces the function of SP1. Plants and possibly other higher eukaryotes may employ this small family of E3 enzymes to differentially modulate the dynamics of several organelles essential to energy metabolism via the ubiquitin-proteasome system.
INTRODUCTION
Peroxisomes are ubiquitous and single-membraned organelles that house a wide array of metabolic processes, such as fatty acid b-oxidation, the glyoxylate cycle, photorespiration, H 2 O 2 degradation, biosynthesis of jasmonic acid and indole-3-acetic acid in plants (Hu et al., 2012) . Some metabolic pathways require the coordinated participation of peroxisomes and other subcellular compartments, such as mitochondria and chloroplasts in photorespiration, a carbon recycling pathway coupled with photosynthesis (Bauwe et al., 2010) . The peroxisome proteome varies depending on the developmental stage and environment (Kaur and Hu, 2011; Hu et al., 2012; Bussell et al., 2013) .
Peroxisomes import proteins from the cytosol using peroxins, a group of evolutionarily conserved and mostly peroxisome membrane-associated proteins that are also called PEX proteins (Smith and Aitchison, 2013) . Matrix proteins that contain a C-terminal PTS1 (peroxisome targeting signal type 1) or N-terminal PTS2 are recognized by the cytosolic receptors PEX5 and PEX7, respectively. The cargo-receptor complex docks to the membrane protein complex composed of PEX13 and PEX14, followed by cargo release into the matrix and recycling of the receptors (Hu et al., 2012; Smith and Aitchison, 2013) . These later steps require three RING (Real Interesting New Gene) finger-containing proteins PEX2, PEX10 and PEX12, two AAA ATPases PEX1 and PEX6 and their anchor PEX26/APEM9 (Aberrant PEroxisome Morphology 9), and the E2 enzyme PEX4 and its membrane anchor PEX22 (Hu et al., 2012) . Although most peroxins are characterized, the regulatory mechanisms of their functions remain poorly understood. Whether the biogenesis of the functionally linked organelles, for example peroxisomes, chloroplasts and mitochondria, are coordinated/co-regulated to achieve optimal metabolic activities also remains largely unknown.
We recently discovered that the Arabidopsis RING-type ubiquitin ligase SP1 (suppressor of ppi1 locus) plays a repressive role in peroxisome protein import by targeting PEX13 and possibly PEX14 and a few other components of the peroxisome protein import machinery for degradation through the ubiquitin-proteasome system (UPS; Pan et al., 2016) . SP1 was previously reported to regulate chloroplast protein import by targeting several components of the chloroplast protein import apparatus TOC (translocon at the outer envelope of chloroplasts) for degradation via UPS (Ling et al., 2012) . We subsequently found that SP1 also localizes to a third subcellular compartment -the mitochondrion -where its function is still unknown (Pan and Hu, 2018) . Hence, the same E3 ubiquitin ligase may be involved simultaneously in the biogenesis of peroxisomes, chloroplasts and mitochondria, three metabolically linked organelles required for plant energy metabolism.
SP1 has two homologs in Arabidopsis, SP1-like 1 (SPL1) and SPL2. SP1 is more closely related to SPL1 (Ling et al., 2012; Pan and Hu, 2017) , and both SPL1 and SPL2 also target to chloroplasts in protoplast transient expression system (Ling et al., 2012) and in stable transgenic plants (Pan et al., 2016) . SPL1 was shown to be weakly associated with peroxisomes, whereas SPL2 displayed no peroxisomal localization (Pan et al., 2016) . Whether and how all members of the SP1-like protein family are involved in organelle biogenesis and/or dynamics has not been determined.
In this study, we explored the peroxisome function of SP1's closest homolog, SPL1, under the hypothesis that SPL1 and SP1 share some functional redundancy. To our surprise, loss-of-function mutants of SPL1 have opposite phenotypes to sp1 mutants in peroxisome function. In contrast to sp1, which suppressed the phenotypes of pex14-2 and pex13-1, spl1 enhanced the phenotype of these mutants. Unlike SP1, overexpression of SPL1 did not cause the destabilization of PEX13 and PEX14. However, SP1 and SPL1 can induce the destabilization of each other when cooverexpressed, and SPL1 reduces the ability of SP1 to promote PEX13 turnover. We also showed that unlike the prevalent peroxisome localization of SP1, SPL1 displayed rather weak and partial localization to peroxisomes, but its mitochondrial localization is as prevalent as SP1. Finally, the sequence that determines whether SP1 or SPL1 is able to promote PEX13 turnover resides at the N-terminus of the proteins. We hypothesize that the homologous E3 ubiquitin ligases SP1 and SPL1 employ distinct mechanisms to modulate peroxisome protein import, in which SPL1 and SP1 antagonize the function of each other through protein destabilization.
RESULTS

SPL1 plays an opposite role to SP1 in peroxisome function
In Arabidopsis, SPL1 is the closest homolog of SP1. The two proteins share 58% amino acid sequence identity and the same predicted domain structure -i.e. two transmembrane domains (TMDs) and a RING domain (Figure 1a,b) . When comparing the expression pattern of SP1 and SPL1 using data obtained from online database Arabidopsis eFP browser (http://bar.utoronto.ca/; Winter et al., 2007) , we found the level of SPL1 expression to be much lower than SP1 at most developmental stages ( Figure S1 ).
The strong sequence similarity suggested that SP1 and SPL1 might be functionally redundant. To test this possibility, we analyzed spl1-1 and spl1-2, two mutant alleles that had T-DNA insertion in exon 11 and intron 8, respectively ( Figure 1c ). We detected no full-length SPL1 transcripts in spl1-1 and very low levels of SPL1 in spl1-2 (Figure 1d ). Like sp1 mutants (Pan et al., 2016) , growth and development of spl1 and sp1 spl1 double mutants did not show obvious differences from wild-type plants under normal growth conditions ( Figure S2a ), and peroxisome morphology was similar to that of the wild-type ( Figure S2b) .
We assessed how lack of functional SPL1 affects peroxisome function in spl1 mutants using the 2,4-DB (2,4-dichlorophenoxybutryic acid) response assay, a method commonly used to reveal deficiencies in b-oxidation or peroxisome biogenesis in plants (Hu et al., 2012) . In plants, the peroxisome is the sole site of b-oxidation, through which the synthetic auxin precursor 2,4-DB is converted to 2,4-D (2,4-dichlorophenoxyacetic acid), inhibiting the elongation of primary roots and hypocotyls of seedlings (Hayashi et al., 1998) . Surprisingly, in contrast to sp1, which we had previously shown to contain enhanced peroxisome b-oxidation activity and are hypersensitive to 2,4-DB (Pan et al., 2016) , spl1 mutants were less sensitive than the wild-type to 2,4-DB in both hypocotyls ( Figure 1e ) and primary roots (Figure 1f ). Consistent with it being a possible knockdown, spl1-2 overall showed a weaker phenotype than spl1-1 (Figure 1e,f) . Hence, b-oxidation is partially impaired in spl1, suggesting that SPL1 plays a positive role in peroxisome function. The response of sp1 spl1 double mutant to 2,4-DB was similar to that of sp1 (Figure 1e,f) , indicating that disruption of SPL1 function did not impair peroxisome function in sp1 null mutants, and that SPL1's role in peroxisomes may depend on the presence of the functional SP1 protein.
Disruption of SPL1 function enhances defects in the peroxisome protein import mutants pex14-2 and pex13-1
Our previous study showed that disruption of SP1 function significantly ameliorated the growth and physiological defects of pex13-1 and pex14-2 mutants (Pan et al., 2016) . The pex14-2 null mutant is dwarf, strongly resistant to 2,4-DB, and has been used repeatedly as a positive control in our peroxisome functional analyses (Fan et al., 2005; Orth et al., 2007; Zhang and Hu, 2009; Kaur et al., 2013; Quan et al., 2013; Cassin-Ross and Hu, 2014; Pan et al., 2016) . The pex13-1 mutant has mildly decreased PEX13 mRNA levels and minor defects in b-oxidation (Ratzel et al., 2011) . Because the PEX14 protein was not detectable in pex14-2, rescue of the pex14-2 mutant phenotype was attributed to the stabilization of PEX13, which led to a partial compensation for the lack of PEX14 in sp1 pex14-2 (Pan et al., 2016) . We reasoned that if SPL1 plays an opposite role to SP1, spl1 pex14 and spl1 pex13 double mutants would show an opposite phenotype compared with the sp1 pex14 and sp1 pex13 double mutants. To this end, we crossed spl1-1 with pex14-2 and pex13-1, respectively. Consistent with our previous report (Pan et al., 2016) , pex14-2 sp1-3 was significantly bigger than pex14-2 in size; however, pex14-2 spl1-1 was overall slightly smaller (Figure 2a) and contained less chlorophyll than pex14-2 (Figure 2b) . Moreover, pex14-2 spl1-1 seedlings were even more resistant than pex14-2 to 2,4-DB in root elongation ( Figure 2c ). The weak 2,4-DB-resistant phenotype in pex13-1 was also intensified in pex13-1 spl1-1 (Figure 2d ). Therefore, b-oxidation deficiencies in pex14-2 and pex13-1 were exacerbated by the lack of SPL1 function, reaffirming our hypothesis that SPL1 plays an opposite role to SP1 in peroxisome function.
SPL1 reduces the ability of SP1 to promote PEX13 turnover Given SPL1's distinct function from SP1, we reasoned that SPL1 may not be able to promote the degradation of PEX13 and PEX14 like SP1 does. To test this hypothesis, we co-expressed SPL1 and yellow fluorescent protein (YFP)-tagged PEX13 or PEX14 in the tobacco protein transient expression system. We also included SPL1m, a mutant form of SPL1 that contains mutations in the five conserved Cys and His residues (Cys ? Ser and His ? Tyr) in the RING domain ( Figure 3a ). Similar to most RING-containing ubiquitin ligases, the RING domain on SP1 confers ubiquitin ligase activity (Stone et al., 2005; Ling et al., 2012; Pan and Hu, 2017) , and the same five mutations in the RING domain ( Figure 3a ) disrupted SP1's function (Pan et al., 2016) . SPL1, SPL1m, SP1, SP1m and the empty vector control was each co-expressed with YFP-tagged PEX13 or PEX14 in tobacco leaves (Figure 3b ,c). Overexpression of SPL1 or SPL1m did not cause obvious changes to the levels of PEX13, PEX14 or the negative control YFP-PTS1 protein (Figure 3d ,e). In contrast, overexpressing SP1 caused destabilization of PEX13 and PEX14, and overexpression of SP1m even led to the stabilization of these proteins (Figure 3f, g) , which is similar to what was shown in our previous study using the same system (Pan et al., 2016) . Therefore, SP1 can induce the destabilization of PEX13 and PEX14 proteins, whereas SPL1 does not have this ability. In addition, SP1 and SPL1 seemed to induce each other's destabilization (Figure 3d-g ). These results together support our conclusion that SPL1's role in peroxisome protein import is antagonistic to, rather than redundant with, that of SP1.
When we used PEX13 and PEX14 antibodies to analyze the level of endogenous PEX13 and PEX14 proteins in Arabidopsis spl1 mutants, no apparent differences in PEX13 or PEX14 protein levels were detected in spl1-1 or spl1-2 in comparison with the wild-type ( Figure S3 ). Neither did we observe obviously more accumulation of PEX13 and PEX14 proteins when each of them was co-expressed with SPL1 in tobacco ( Figure 3 ). We speculated that the stabilization of PEX13 and PEX14 by SPL1, if any, is most likely indirect, for example through inhibiting SP1 function, and could be diminished by feedback mechanisms. Thus, changes in protein levels may be subtle and cannot be detected by the limited sensitivity of our immunoblot system. To this end, we used the tobacco system to test whether co-overexpressing SP1 and SPL1 could diminish SP1's function in destabilizing its substrate protein. Compared with expressing SP1 alone, overexpressing SPL1 on top of SP1 in tobacco leaves partially restored the level of PEX13-YFP (Figure 4 ), confirming that SPL1 does have a negative effect on SP1's ability to promote PEX13 turnover.
The N-terminal segment of SP1 and SPL1 determines whether the protein is capable of promoting the degradation of PEX13
To determine whether the functional difference between SP1 and SPL1 in promoting the degradation of PEX13 resides at the N-or C-terminus of the protein, we performed a domain swapping experiment and tested the (d) Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis of RNA from 4-week-old spl1 mutants. Two individual plants were analyzed for each mutant. N, negative control (water only); P, wild-type. UBQ10 (ubiquitin 10) was used as a loading control. (e,f) 2,4-Dichlorophenoxybutyric acid (2,4-DB) response assays. Seedlings were grown on Murashige and Skoog (MS) medium supplemented with 0.5% sucrose and various concentrations of 2,4-DB. Hypocotyl lengths of 7-day dark-grown seedlings (e) and root lengths of 7-day light-grown seedlings (f) were measured. To show response to 2,4-DB for each genotype, the average length was normalized to the length of that genotype on medium without 2,4-DB. Data = mean AE SD; n (number of plates used for each genotype) = 3 in (e) and 8 in (f). Approximately 30 seedlings were grown on each plate, and the average length of all seedlings on one plate was collected as a data point. At each 2,4-DB concentration, different letters indicate statistically significant differences between means (P < 0.05), as determined by ANOVA with post hoc Tukey HSD test. ability of the hybrid proteins to degrade PEX13. SP1 and SPL1 were each divided into two parts: the N-terminal segment flanked by the two TMDs and the C-terminal segment that contains the RING domain. The hybrid protein SWAP1 contains the N-terminal segment of SP1 and the C-terminal segment of SPL1, while SWAP2 contains the N-terminal segment of SPL1 and the C-terminal segment of SP1 (Figure 5a) . We also generated SWAP1m and SWAP2m, in which the five conserved amino acids in the RING were substituted as shown in Figure 3(a) .
YFP-or FLAG-tagged PEX13 was each co-overexpressed with SWAP1, SWAP1m, SWAP2 or SWAP2m in tobacco leaves. When co-expressed with SWAP1, PEX13-YFP and PEX13-FLAG were significantly destabilized compared with when they were co-expressed with SWAP1m (Figure 5b,c) . In contrast, overexpression of SWAP2 did not result in apparent destabilization of PEX13-YFP or PEX13-FLAG when compared with SWAP2m overexpression (Figure 5b , c). Therefore, although the C-terminal RING domain has been shown to possess E3 ubiquitin ligase activity for SP1 (Stone et al., 2005; Ling et al., 2012; Pan and Hu, 2017 ) and predicted to possess E3 enzymatic activity for SPL1 (Stone et al., 2005) , the sequence that determines whether or not they are capable of promoting PEX13 turnover is located at the N-terminus of the proteins.
Peroxisomal and mitochondrial localization of SPL1
Our previous study found peroxisome localization to be strong and prevalent for SP1-YFP but very weak and partial for SPL1-YFP, despite that the protein was overexpressed under the Ca35S constitutive promoter (Pan et al., 2016) . The finding that SPL1 plays an opposite role to SP1 in peroxisomes prompted us to check SPL1's association with peroxisomes in more detail. In addition, our recent finding that SP1 localizes to all three energy organelles, i.e. peroxisomes, mitochondria and chloroplasts (Pan and Hu, 2018) , led us to investigate whether SPL1 and SPL2 also target to the third type of organelle, mitochondria.
To analyze subcellular localization of SPL1 more rigorously, we used SPL1's native promoter to drive the expression of SPL1-YFP, and used SPL1m-YFP for comparison. We transformed SPL1pro:SPL1-YFP and SPL1pro:SPL1m-YFP, respectively, into Arabidopsis that contained the To show the response to 2,4-DB for each genotype, the average length was normalized to the length of that genotype on medium without 2,4-DB. Data = mean AE SD; n = 3 (number of plates for each genotype). The average length of all seedlings on one plate (~30 seedlings per plate) was collected as a data point. **P < 0.01; *P < 0.05 from pex14-2 grown on the same concentration of 2,4-DB. (d) 2,4-DB response assays for 7-day dark-grown seedlings. To show the response to 2,4-DB for each genotype, the average length was normalized to the length of that genotype on medium without 2,4-DB. Error bars = SD; n = 4 (number of plates used for each genotype). The average length of all seedlings on one plate (~30 seedlings were grown per plate) was collected as a data point. **P < 0.01; *P < 0.05 from pex13-1 grown on the same concentration of 2,4-DB.
peroxisome marker cyan fluorescent protein-PTS1 (SKL) fusion (CFP-PTS1). Transgenic lines expressing SPL1pro: SPL1-YFP displayed virtually no fluorescence, whereas those expressing SPL1pro:SPL1m-YFP exhibited very low but detectable fluorescence. The lack of detectable SPL1pro:SPL1-YFP and overall low levels of SPL1pro: SPL1m-YFP are consistent with the low level of SPL1 transcripts in the plant ( Figure S1 ). As E3 ubiquitin ligases are known for auto-regulating their own activities through selfdegradation, the stronger accumulation of SPL1pro: SPL1m-YFP than SPL1pro:SPL1-YFP in transgenic lines was not surprising. Similarly, we had observed stronger accumulation of 35Spro:SP1m-YFP than 35Spro:SP1-YFP in transgenic lines (Pan and Hu, 2018) . In parallel, we also transiently expressed the same amounts of 35Spro:SPL1-YFP and 35Spro:SPL1m-YFP at different sections of the same tobacco leaf and performed immunoblot analysis of protein extracts using a-green fluorescent protein (GFP) antibodies. Despite being expressed under a strong promoter, the SPL1-YFP protein was hard to detect after numerous attempts, whereas SPL1m-YFP levels were low but detectable (Figure 6a ). In comparison, SP1-YFP also showed less accumulation than SP1m-YFP in the same system, but it was detectable on immunoblots ( Figure 6b ). Given the difficulty in detecting SPL1-YFP, we decided to use SPL1m-YFP for subcellular localization analysis in this study. These amino acid changes in the RING domain should not alter the localization of SPL1, because the same substitutions did not change the subcellular localization pattern of SP1m-YFP ( Figure S4 ). Consistent with our previous observation using 35S promoter-driven constructs (Pan et al., 2016) , SPL1pro:SPL1m-YFP overall had much less peroxisome association than SP1pro:SP1-YFP. In five of the six transgenic lines Table S1 .
(e,g) Quantification of levels of YFP-tagged proteins shown in (d,f). Protein bands were quantified using ImageJ. The protein amount for each candidate protein was normalized to the data obtained from the empty vector control sample. Data = mean AE SD; n = 3. ***P < 0.001; **P < 0.01; *P < 0.05 in reference to the empty vector control.
co-expressing SPL1pro:SPL1m-YFP and CFP-PTS1, only a subset of cells exhibited obvious peroxisome localization of SPL1pro:SPL1m-YFP (Figures 6c,d , and S5).
To determine whether SPL1 also targets to mitochondria, we transformed SPL1pro:SPL1m-YFP into plants containing the mitochondrial marker COX4-CFP, and observed prevalent targeting of SPL1pro:SPL1m-YFP to mitochondria in transgenic lines (Figure 6e ). We also generated transgenic lines co-expressing 35Spro:SPL2-YFP and COX4-CFP, and found SPL2-YFP to localize to mitochondria in all the transgenic lines (Figure 6f ). Thus, all three members of the Arabidopsis SP1-like protein family target to mitochondria and chloroplasts. Additionally, SP1 and SPL1 are also associated with peroxisomes.
DISCUSSION
The mechanisms by which the function of the peroxisome import components is regulated are largely unknown. We previously reported the role of the Arabidopsis RING-type E3 ubiquitin ligase SP1 in peroxisome protein import and proposed a model in which SP1 promotes the destabilization of PEX13 and possibly PEX14 and other peroxins in the peroxisome import machinery through the UPS (Pan et al., 2016) . In this study, we found that SP1's closest homolog SPL1 does not promote the destabilization of PEX13 or PEX14. Instead, the reduction in PEX13 levels by SP1 overexpression was partially rescued when SPL1 and SP1 were co-overexpressed, suggesting that SPL1 can inhibit SP1's function in promoting PEX13 degradation. In addition, the fact that SPL1 overexpression led to increased SP1 turnover and vice versa indicated that SP1 and SPL1 may reduce each other's activity by destabilizing one another. Based on these findings, we propose a working model in which SPL1 antagonizes the function of SP1 in peroxisome import. Consistent with this model, SPL1 lossof-function mutants showed increased resistance to 2,4-DB and enhanced the peroxisome deficiencies in pex14-2 and pex13-1 mutants, which are opposite to what was observed for sp1. SP1 and SPL1 seem to provide two levels of regulation to the activity of components in peroxisome protein import.
SP1 and SPL1 have similar chloroplast targeting patterns, i.e. they both show strong preference for smaller chloroplasts (Pan et al., 2016; Pan and Hu, 2018) . They also display the same prevalent localization to mitochondria (Pan and Hu, 2018 ; and this study). However, SP1 shows much stronger peroxisome localization than SPL1 (Pan et al., 2016; and this study) . For membrane proteins, TMD and adjacent sequences are often important for proper subcellular localization and membrane topology (Rayner and Pelham, 1997; van Ael and Fransen, 2006; Kashiwayama et al., 2007; Sharpe et al., 2010; Rolland et al., 2017) . Therefore, the N-terminal segment of SP1 and SPL1 should contain key information for subcellular localization. The two TMDs on SP1-like proteins have low (first) and high (second) predicted probabilities, respectively, to be a true TMD , and have not been experimentally verified. It will be important to elucidate how these proteins target to the membrane of several organelles and their membrane topology. We showed in this study that the same N-terminal segment determines the protein's ability to induce PEX13 turnover ( Figure 5 ). It is possible that the ability of SP1 and SPL1 to destabilize PEX13 relies on whether or not the protein has a substantial peroxisome localization. Alternatively, the Nterminal segment of SP1 may be required for SP1 to recognize PEX13, or the N-terminal segment of SPL1 may inhibit SPL1's ability to ubiquitinate PEX13. Further investigations will be needed to pinpoint the specific sequences/domains responsible for this functional difference. Despite the overall weak and partial peroxisome targeting of SPL1, spl1 mutants have mild but significant defects in peroxisome b-oxidation, and exaggerate the defects of pex13 and pex14 mutants (Figures 1 and 2 ). In addition, SPL1 and SP1 can promote the destabilization of each other when co-overexpressed (Figure 3) , and SPL1 can reduce the ability of SP1 to promote the destabilization of PEX13 (Figure 4) . Therefore, SPL1's negative impact on SP1's function in peroxisome biogenesis does not necessarily require a strong peroxisome targeting of SPL1. This may be partly due to the fact that the destabilization of SP1 mediated by SPL1 also occurs on mitochondria and chloroplasts, which may indirectly affect the level of SP1 on peroxisomes. The importance of the weak/partial peroxisome targeting of SPL1 in its role in peroxisome biogenesis remains to be investigated. SP1 was reported to target multiple components of the TOC machinery for degradation (Ling et al., 2012) . Although the role of SPL1 on chloroplast is still unknown, overexpression of SPL1 could not complement sp1 mutant phenotypes, suggesting that SPL1 and SP1 have different functions in chloroplasts (Ling et al., 2012) . This is consistent with our finding that SPL1 differs from SP1 in its role in peroxisomes. The third member of this SP1-like protein family, SPL2, only shares 22-23% amino acid similarity with SP1 and SPL1, and was separated into a different subclade from SP1 and SPL1 in our phylogenetic analysis (Pan et al., 2016) , indicating that SPL2 might be playing a role distinct from SP1 and SPL1. SPL2 is associated with both chloroplasts and mitochondria; whether and how it is involved in the biogenesis of these two organelles remains to be elucidated.
The role of SP1, SPL1 and possibly SPL2 in organelle biogenesis and dynamics may be to adjust the enzymatic composition of organelles for plants to adapt to changing environmental and physiological conditions. A previous study reported that SP1 (DAL1) and SPL1 (DAL2) may negatively affect programmed cell death in Arabidopsis (Basnayake et al., 2011) . SP1 was also shown to increase stress tolerance through degrading chloroplast protein import machinery components and thus reducing reactive oxygen species (ROS) generated by photosynthesis (Ling and Jarvis, 2015) . We reason that SP1's function in plant stress response may rely on its roles in the biogenesis of chloroplasts as well as peroxisomes and mitochondria, because they all house metabolic reactions that produce ROS (del R ıo and L opez-Huertas, 2016) . This possibility as well as the function of SPL1 in stress response will be interesting questions to address.
The mammalian protein most closely related to SP1 and SPL1 is the human MAPL (mitochondrial-anchored protein ligase) protein, which is also named MULAN, MUL1, GIDE or HADES, and has diverse substrates involved in various processes, including mitochondrial fission, hyperfusion, and integrity maintenance, mitophagy, antiviral response, cell proliferation and cell stress response (Braschi et al., 2009; Jung et al., 2011; Bae et al., 2012; Jenkins et al., 2013; Yun et al., 2014; Zemirli et al., 2014; Li et al., 2015; Min et al., 2015) . MAPL is associated with both mitochondria and a subpopulation of peroxisomes, but its function in the peroxisome is still unclear (Neuspiel et al., 2008) . Whether animal MAPL-like proteins also regulate organelle protein import remains unknown. It is possible that SP1-like proteins are involved in the dynamics and functions of multiple organelles across diverse species, and that UPS constitutes a modulatory mechanism to coordinate the development of multiple organelles in eukaryotic cells. Because MAPL has very diverse substrates, plant SP1-like proteins may also have a number of substrates, including the protein import machineries of different organelles and possibly other substrates that have not been identified.
Mammalian mitochondrial-derived vesicle-like structures transport MAPL from mitochondria to a subpopulation of peroxisomes through a process that requires the function of the retromer complex, especially VPS35 (Braschi et al., 2010) . In plants, the retromer complex is involved in the timely transfer of the membrane-associated lipase sugar-dependent 1 (SDP1) from peroxisomes to oil bodies (Thazar-Poulot et al., 2015) . Whether such a transportation system exists in plants for the subcellular localization of SP1-like proteins is unknown. Over 100 Arabidopsis proteins, many of which are membrane associated, are found in both chloroplasts and mitochondria (Carrie and Small, 2013) . Arabidopsis organelle fission proteins are often dual-localized, such as DRP3A, DRP3B, FIS1B and PMD1 shared between peroxisomes and mitochondria (Aung and Hu, 2011; Pan and Hu, 2015) , and DRP5B shared between peroxisomes and chloroplasts (Zhang and Hu, 2010) . FIS1A was even found to localize to all three energy organelles (Zhang and Hu, 2008; Stanitski et al., 2014) . These dual and triple localized organelle proteins are potentially involved in coordinating the biogenesis or activities of these functionally linked organelles.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Growth conditions were 22°C, 70% humidity and 14 h per day of white light at 70-80 lmol m À2 sec À1 for Arabidopsis plants, and 24°C, 70% humidity and 14 h per day white light at 50 lmol m À2 sec À1 for tobacco (Nicotiana tabacum). The Arabidopsis Col-0 ecotype is the wild-type. T-DNA insertion mutants spl1-1
pex14-2 (SALK_007441) and pex13-1 (SALK_006744) were provided by Arabidopsis Biological Resource Center (ABRC; Columbus, OH, USA). Polymerase chain reaction (PCR) genotyping of the mutants was described previously (Zhang and Hu, 2010; Pan et al., 2016; Desai et al., 2017) . Peroxisome marker lines CFP-PTS1 and YFP-PTS1 were generated in our previous study (Fan et al., 2005) .
2,4-DB response assays
2,4-DB response assays were performed as previously described (Pan et al., 2016) . Seeds were sown on plates containing 0.5% (w/ v) sucrose and 2,4-DB (Sigma-Aldrich), placed at 4°C for 4 days before moving to growth chambers. Dark-grown seedlings grew in the light for the first 24 h before moving to the dark. Hypocotyl and root lengths were measured using ImageJ (imagej.nih.gov/ij/ ). For each experiment,~30 seeds per genotype were quantified to get the average value, and ≥3 biological replicates were included.
Plant transformation
A simplified floral dipping method and Agrobacterium tumefaciens strain GV3101 (pMP90; Clough and Bent, 1998) was used for Arabidopsis transformation. For transgenic plant selection with kanamycin, T1 seeds were plated on 1/2 LS medium containing 50 lg ml À1 kanamycin. For screening transformants with BASTA, T1 seeds were sewn on soil and sprayed with 0.1% (v/v) Basta (Finale; Farnam Companies) that contained 0.025% (v/v) Silwet L-77 at least twice after 7 days of growth.
Gene cloning and transcript analysis
Gene cloning and plasmid construction were based on the gateway cloning technology as previous described (Pan et al., 2016) . To generate SPL1m, overlapping PCR was performed as previously described (Pan et al., 2016) . SPL1pro:SPL1-YFP and SPL1pro: SPL1m-YFP were generated using the same protocol for SP1pro: SP1-YFP as described previously (Pan et al., 2016) . The 2-kb predicted native promoter was amplified with primer set RP-7/RP-8 using wild-type Col-0 genomic DNA as template (Promega, Madison, MI, USA). SPL1, which covers genomic sequence of the coding region without the stop codon, was amplified from WT genomic DNA sequence with primer set RP-9/RP-10. The eYFP fragment was obtained from pEarley 101 with primer set RP-11/RP-6.
Reverse transcriptase (RT)-PCR was performed as previously described (Pan et al., 2014a) for transcript analysis. Primers and vectors used in this study are listed in Table S1 .
Immunoblot analysis
Protein preparation and immunoblotting were performed as previously described (Pan et al., 2014b) . Antibodies used are as follows: 1:2500 for a-PEX14 (Lingard and Bartel, 2009 ) and a-PEX13 (Woodward et al., 2014) , 1:20 000 for a-GFP (Abcam), 1:5000 for aactin (Reumann et al., 2009) and 1:1000 for a-FLAG (Sigma).
Fluorescence microscopy
Fluorescence microscopy was performed as described in our previous studies (Pan et al., 2014b (Pan et al., , 2016 .
Tobacco infiltration
Transient protein expression in tobacco plants was described in our previous studies (Pan et al., 2014a (Pan et al., ,b, 2016 . Note that for each repeat of tobacco infiltration experiment shown in Figures 3, 5 and 6, the same amounts of Agro cells were infiltrated into different sections between veins on the same leaf to reduce gene expression differences that resulted from tissue variation.
Statistical analysis
Quantitative analysis results are presented as means AE SD (or SEM), which are indicated in figure legends. Statistical significance was determined using one-way ANOVA with post hoc Tukey HSD test for Figure 1(e,f) , or two-sample Student's t-test for Figures 2(b-d) and 3(e,g ).
Gene accessions
SP1 (At1g63900), SPL1 (At1g59560), SPL2 (At1g54150). Sequences can be obtained from TAIR website (www.arabidopsis.org).
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